Introduction
Polyanionic substances such as sulphated polysaccharides or polymers have proved to be potent inhibitors of the in vitro replication of retroviruses [i.e. human immunodeficiency virus (HIV)], herpesviruses [i.e. herpes simplex virus (HSV) and cytomegalovirus (CMV)] and other enveloped viruses, i.e. rhabdoviridae [vesicular stomatitis virus (VSV)], orthomyxoviridae (influenza A virus), paramyxoviridae [respiratory syncytial virus (RSV)], arenaviridae [Junin virus (JV), Tacaribe virus (TCV)] and togaviridae (Sindbis virus, Semliki forest virus) (Ito et aI., 1987; Ueno and Kuno, 1987; Baba et aI., 1988c Baba et aI., , 1990 Schols et al., 1990a) . The mechanism of the anti-HIV action of the sulphated poly-saccharides and polymers has been attributed to an inhibition of virus binding to the cell membrane (Baba et al., 1988b; Mitsuya etal., 1988; Schols etal., 1989 Schols etal., , 1990a . Their mechanism of action against the other viruses has not been determined, however.
Polycationic substances such as polylysines have been reported to inhibit HSV-1 plaque formation by interference with HSV binding to the host cells (Langeland et aI., 1988) . However, polycations have also been reported to increase the infectivity of avian sarcoma viruses (Toyoshima and Vogt, 1969) , picornavirus (Craighead and Lane, 1969) , rabies virus (Kaplan et aI., 1967) and poliovirus (Pagano et al., 1967) .
We have now evaluated the effects of polycations (i.e. poly-L-Iysine, poly-o-Iysine and DEAE-dextran) on a wide variety of RNA and DNA viruses, and investigated their mode of interaction with some of these viruses (HIV, CMV and RSV).
Results
When the polylysines were examined for their inhibitory effect on the replication of RNA and DNA viruses, they were found to be inhibitory to HIV-1, HIV-2, RSV, VSV, HSV-1, thymidine kinase negative (TK-) HSV-1, CMV, influenza A virus, Sindbis virus and Semliki Forest virus. DEAE-dextran was inhibitory to RSV, VSV, HSV-l, TK-HSV-1j influenza A virus and Sindbis virus. All these viruses were also sensitive to dextran sulphate. The polycations had little or no inhibitory activity against HSV-2, measles virus, parainfluenza virus type 3, influenza B yirus, or vaccinia virus. Lack of activity was also found with dextran sulphate and pentosan polysulphate against measles, parainfluenza-3 virus and influenza B virus. In contrast, HSV-2 and vaccinia virus were sensitive to the inhibitory effect of the sulphated polysaccharides (Tables 1-3 ). The antiviral activity of the poly-t-lysine samples increased with increasing molecular weight, and poly-o-Iysine was as effective as poly-L-Iysine of the corresponding molecular weight.
The polycations altered normal cell morphology or reduced cell viability at lower concentrations than did dextran sulphate. Yet, there was a clear difference between their EC so (50% effective concentration) and CC so (50% cytotoxic concentration). Like the antiviral activity, the cytotoxicity of the polylysines increased with increasing molecular weight (Table 4) .
Dextran sulphate and pentosan polysulphate inhibit HIV-1 binding to CD4+ cells (Saba et aI., 1988a,b; Mitsuya et aI., 1988) . Using a flow cytometric method, specifically designed to demonstrate whether anti-HIV agents inhibit Table 1 . Activity of polylysines against RNA viruses. virion binding to CD4+ cells (Schols et al., 1989) , we found that polylysines inhibited HIV-1 binding to the cells. When MT~4 cells were exposed to HIV-1 in the absence of the compounds and analysed for immunofluorescence, the fluorescence histogram of the HIV-1-loaded cells ( Fig. 1a a. 50% effective concentration, or concentration required to reduce virus-induced cytopathogenicity by 50%. 1 and 2) . The inhibitory effect of the polylysines on CMV binding to the host cells was assessed using [methyl-3Hlthymidine-labelled CMV particles. When added to the cells at a concentration of 40 J,Lg/ml, the polylysines inhibited the association of radiolabelled CMV particles with the cells ( Table 6) . Poly-L-Iysine of molecular weight 20000 was more effective (80% inhibition) than poly-L-lysine of molecular weight 4000 (49% inhibition). Dextran sulphate Relative green fluorescence Fig. 1 . Inhibitory effect of polylysines on HIV-1 binding to MT-4 cells. Immunofluorescence of MT-4 cells which were not exposed to HIV-1 is presented by the dark histograms and the immunofluorescence of MT-4 cells which were exposed to HIV-1 is presented by the open histograms. The MT-4 cells were exposed or not exposed to HIV-1 in the absence of any compound (a), in the presence of poly-t,-lysine (MW 4000) at 100 l.I.g1ml (b), poly-L-Iysine (MW 10000) at 25 l.I.g1ml (c), poly-L-Iysine (MW 20000) at 51.1.g1ml (d), psntosan polysulphate at 25 l.I.g1ml (e) or dextran sulphate at 25 l.I.g1ml (t).
that of the control cells which had not been exposed to HIV-1 (Fig. 1a, dark histogram) . When the same experiment was carried out in the presence of the test compounds, the fluorescence peak of the Virus-infected cells ( Fig. 1b-f , open histograms) overlapped almost completely [dextran sulphate (Fig. 1f ), pentosan polysulphate ( Fig. 1e )l or partially [polylysines ( Fig. 1b-d) ] with the control histograms.
To determine whether the polycations were inhibitory to RSV binding to the host cells, RSVwas allowed to adsorb to the cells at 4°C in the presence (or absence) of the test compounds. Remaining unattached the virus was subsequently removed. The cells were further incubated for 5 days in the absence of the compounds, and virus plaque formation was determined. The ECso values found for the different polycations and -anions under these conditions [Methyl-3H]thymidine-labelled CMV (strain Davis) particles were exposed for 1 h to HEL cells in the presence or absence of the test compounds. The cells were then washed four times with PBS, lysed with 1 N NaOH, and cell-associated radioactivity was determined in a toluene-based scintillant.
was more effective than the polylysines in inhibiting CMV binding to the cells: at a concentration of 2 f.Lg/ml it reduced cell-associated radioactivity by 93% (Table 6 ).
Discussion
From the data presented here it is clear that polycations such as poly-L-lysine, poly-o-Iysine and DEAE-dextran are active against a wide variety of enveloped viruses. The antiviral spectrum of the polylysines is similar to that of dextran sulphate, although the antiviral potency of dextran sulphate is higher than that of the polylysines. The mode of antiviral action of polylysine against HIV-1, RSV and CMV can be attributed to inhibition of virus binding to the cells, as was demonstrated by an immunofluorescence-flow cytometric assay (HIV-1), a virus plaque assay (RSV) and a cell-associated radioactivity assay (CMV). Polycations thus interfere with the interaction between virus particles and the cells. They may prevent attachment of virions to the cell membrane by blocking the virus-binding sites at the cell surface. Polylysines have been shown to bind to the cell membrane phospholipids (Langeland et al., 1988) , thus preventinq the virus (HSV-1) from binding to the cells.
To explain the inhibitory effect of sulphated polysaccharides (i.e, dextran sulphate) on virus adsorption to the cells, a 'shielding off' mechanism has been proposed (Schols et aI., 1990b) , whereby the sulphated polysaccharides prevent the HIV glycoproteins from entering into contact with the cellular CD4 receptor. According to Lederman et al. (1989) and Parish et al. (1990) , however, the sulphated polysaccharides may bind directly to the CD4 receptor.
The present findings do not allow any speculation as to whether the polylysines interact with the virus particles or cellular receptor for the virus. The virus-inhibitory effects of the polylysines can probably be attributed to their polycationic charges, which should help the cells in electrostatically repulsing the virions. Polycations could prove useful markers for evaluating the interactions between (enveloped) viruses and their target cells. 
Materials and Experimental procedures

Viruses
The origin of the viruses and the preparation of the virus stocks have been documented in previous reports: HIV-1 (strain HTLV-Ills) and HIV-2 (strain LAV-2 R O D ) (Pauwels et al., 1987) , RSV (strain long) (Kawana et al., 1987) , measles virus (strain Sugiyama) (Hosoya et al., 1989) , parainfluenza virus type 3 (strain VR-93) (De Clercq, 1985) , influenza A virus [strain Ishikawa/7/82 (H3 N2)], influenza B virus (strain Singapore/222/79) (Shigeta et al., 1988) , Sindbis virus (De Clercq et al., 1975) , Semliki Forest virus (SFV) and vesicular stomatitis virus IYSV) (De Clercq, 1985) , poliovirus type 1, reovirus type 1 and Coxsackie virus type B4 (De Clercq et aI., 1975) , HSV-1 (strain KOS) and HSV-2 (strain G), thymidine kinase-deficient (TK-) mutants of HSV-1 (strains B2006 and VMW 1837) (DeClercq etal., 1980 (DeClercq etal., , 1986 , and CMV (strainsAD-169 and Davis) (Snoeck et aI., 1988) .
Cells
The cell lines used for the antiviral activity assays were: MT-4 (a human T-cell line established by cocultivating normal human cord blood leucocytes with leucocytes from an adult T-cell leukaemia patient), HeLa (a human epithelial cell line derived from a cervix carcinoma), Vero (a simian epithelial cell line derived from African green monkey kidney), MDCK (Madin-Darby canine kidney) epithelial cell, ESM (human embryonic skin muscle) fibroblast and HEL (human embryonic lung) fibroblast.
Antiviral activity assay
Inhibition of virus-induced cytopathogenicity was measured following well-established procedures (De Clercq et al., 1980; De Clercq, 1985) . For HIV-1 and HIV-2, the MT-4 cells were brought into each well of microtitre trays containing various concentrations of the test compounds. The cells were infected with HIV-1 or HIV-2 at 100 CCID so per well. After 5 days incubation at 3JOC, virus-induced cytopathogenicity was determined by the 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method (Pauwels et al., 1988) . For the other viruses, confluent (HeLa, Vero, MOCK, ESM or HEL) cell cultures in microtitre trays were inoculated with virus at 100 CCIO so per well in the presence of various concentrations of the test compounds. The cell cultures were further incubated at 35°C (for RSV, measles, parainfluenza, influenza A or B) or 3JOC (for Sindbis, SFV, VSV, polio, reo, Coxsackie, HSV-1, TK-HSV-1, HSV"2 or CMV), and the virus-induced cytopathic effect was monitored microscopically, as described previously (De Clercq et al., 1975 , 1980 De Clercq, 1985; Kawana et al., 1987; Shigeta et al., 1988; Snoeck et al., 1988; Hosoya et al., 1989) . The concentration required to reduce virus-induced cytopathogenicity by 50% was estimated as the 50% effective concentration (EC so ) .
Cytotoxicity assay
The concentration required to cause a microscopically detectable alteration of normal cell morphology was estimated as the minimum cytotoxic concentration (MCG). The concentration required to reduce the viability of cells by 50%, as measured by the MIT method (Pauwels et al., 1988) , was estimated as the 50% cytotoxic concentration (CC so ).
